C
hronic lymphocytic leukemia (CLL) is a malignancy of mature B cells. The neoplastic B cells are relatively resistant to apoptosis and consequently progressively accumulate in the blood, marrow, and secondary lymphoid tissues of affected individuals (1) . Currently, there is no established cure for this disease, and new therapeutic treatments are under investigation.
Encouraging results were reported in a recent phase I clinical trial of gene therapy for patients with CLL (2). Within 1-4 weeks of infusion with autologous leukemia cells transduced to express high levels of recombinant CD40 ligand (CD154), patients experienced increases in leukemia-specific and absolute T cell counts (2) . Also, circulating bystander noninfected CLL cells were induced to express CD95 (Fas), a member of the tumor necrosis factor death receptor family (3, 4) . Such biologic effects were associated with reductions in leukemia cell counts and lymph node size. Although the mechanism(s) responsible for the noted reductions in tumor cell burden were not resolved, it is conceivable that the sustained expression of CD95 induced on the entire leukemia cell population rendered it susceptible to CD95-mediated apoptosis by cells bearing CD95 ligand (CD95-L), such as activated natural killer (5) cells or T cells (6) . CD154 (CD40L) cells were previously described (16) . CD4 ϩ CTL were generated by coculturing PBMC from CLL patients with CD40-activated autologous CLL cells in the presence of 1,500 units/ml of IL-1␤͞250 units/ml of IL-2, 20 units/ml of IL-4͞150 units/ml of IL-6 (PharMingen) in serum-free AIM-V (GIBCO͞BRL) (CTL media). Each week, the T cells were restimulated with CD40-activated autologous CLL cells in fresh CTL media.
Cytotoxicity Assay. We used a flow cytometric assay to monitor for CTL activity against CLL B cells (17) . Effector cells were labeled with PKH26 as previously described (16) . After two washes, PKH26-labeled effector cells were suspended in 1 ml of RPMI-10, stained with 40 nM DiOC 6 for 15 min at 37°C, and washed. One hundred microliters of PKH26͞DiOC 6 -stained effector cells (2 ϫ 10 6 ͞ml) was then incubated in polypropylene tubes at 37°C for 20 min with or without 10 g͞ml of NOK-2 anti-CD95-L. CD40-activated cells prepared by coculture on mitomycin C-(Sigma) treated adherent HeLa or HeLa-CD154 cells for 24 h, separated from coculture, and cultured again in media only for 5 days. In some cases, target cells were pretreated with 50 M Z-VAD-fmk (ZVAD) for 30 min at 37°C. CD40-activated cells were treated with 1 M 2-cyano-3,12-dioxoolean-1,9-dien-28-oic-acid (CDDO) in some experiments. For antisense experiments, CLL cells were electroporated with 300 nM PBS, FLIP antisense, or control scrambled oligonucleotide. For the cytotoxicity assay, DiOC 6 -labeled target cells were washed once, resuspended at 2 ϫ 10 5 ͞ml, and 100 l of cells were mixed together with PKH26͞DiOC 6 -labeled effector cells. The cells were incubated at 37°C for 8 h and then subjected to flow cytometric analysis. In some cases, 1 g͞ml of CD95 CH-11 (Panvera) mAb was added to target cells alone.
Immunoblot Analyses. Cell lysates were prepared in RIPA buffer (150 mM NaCl͞25 mM Tris, pH 7.4͞1% Triton X-100͞0.5% SDS͞5 mM EDTA) by incubation at 4°C for 15 min and then cleared by centrifugation at 14,000 ϫ g for 20 min at 4°C. Protein concentrations of cleared lysates were measured by the Bradford assay. Lysate (12.5 g) was then subjected to SDS͞PAGE and transferred to Immobilon-P polyvinylidene fluoride (PVDF) transfer membrane (Millipore). Membranes were blocked with 5% nonfat dry milk in immunoblot buffer (10 mM Tris͞100 ml of NaCl͞0.1% Tween-20) for 1 h at room temperature and then incubated with primary mAb overnight with rocking at 4°C. Membranes were washed five times in immunoblot buffer and incubated with the appropriate horseradish peroxidase (HRP)-conjugated antibody for 1 h at room temperature. After five washes, membrane-bound HRP antibody was detected by using the SuperSignal Chemiluminescent Substrate Kit (Pierce). Scanned immunoblots were analyzed with NIH IMAGE software.
Immunoprecipitation Assays. The CD95 death-inducing signaling complex (DISC) was immunoprecipitated according to Scaffidi et al. (18) . Briefly, 10 7 CLL or BJAB cells were either left untreated or stimulated for 15 min with 2 g͞ml of APO-1 antibody at 37°C and washed once in ice-cold PBS. Cells were then lysed in lysis buffer, incubated for 20 min on ice, and cleared by centrifugation at 14,000 ϫ g at 4°C for 15 min. Unstimulated cells were lysed and cleared before the addition of APO-1 mAb. Lysates were then incubated with protein-A-Sepharose 4B beads (Sigma) for 2 h rotating at 4°C. Beads were washed four times, boiled in 30 l of sample buffer, and cleared by centrifugation for 3 min at 600 ϫ g. Western blot analysis was then performed as described. We examined whether the CD4 T cells generated in this fashion could induce apoptosis of CLL cells in vitro. Although noncytotoxic for resting autologous CLL cells (Fig. 1) , these cells effected apoptosis of CD40-activated CLL cells at an effectorto-target cell ratio of 10:1. These CD4 T cells also induced apoptosis of CD40-activated, but not resting, allogeneic CLL cells (data not shown). Preincubation of the target cells with W6͞32, a mAb specific for MHC class I, did not inhibit CD4 CTL killing. However, T cell-mediated apoptosis of CD40-activated CLL cells was significantly inhibited by anti-CD95-L mAb or the pan-caspase inhibitor ZVAD (P Ͻ 0.05) (Fig. 1) .
Results

CD4
Temporal Sensitivity of CD40-Activated CLL Cells to CD95-Mediated Apoptosis. To examine whether expression of CD95-L by these CTL effectors was sufficient for inducing apoptosis of CD40-activated leukemia cells, we used CHO cells transfected with an expression vector encoding the human CD95-L. CHO-CD95-L effector cells, but not nontransfected CHO cells, consistently induced Ͼ60% of Jurkat cells to undergo apoptosis within the 8-h cytotoxicity assay (Figs. 5 and 6; data not shown).
We examined whether CHO-CD95-L could induce apoptosis of leukemia B cells after CD40 activation. CLL cells were cultured for 24 h on cells expressing CD154 (HeLa-CD154) or on control nontransfected HeLa cells. The leukemia cells subsequently were separated from the adherent HeLa cells and then cultured alone at 37°C until examined. Leukemia cells previously cultured on control HeLa cells remained insensitive to CHO-CD95-L-induced apoptosis. Leukemia cells previously cultured on HeLa-CD154 also were resistant to CD95-L-induced apoptosis when examined during the first few days after CD40 activation (Fig. 2 ). For example, 1 day after CD40 activation, the number of CLL cells induced to undergo apoptosis by coculture with CHO-CD95-L was only 19 Ϯ 9% (mean Ϯ SD, n ϭ 7) (Fig.  2 ). Spontaneous apoptosis, as measured by coculture of day 1 CD40-activated CLL cells with control CHO cells, was 11 Ϯ 6% CLL target cells were mock (hatched bars) or CD40-activated (black bars), and replated for an additional 24 h before use. CD4 effector and CLL target cells were cocultured at an effector-to-target cell ratio of 10:1, incubated for 4 h, and stained with DiOC 6 for 15 min at 37°C before flow cytometric analysis. To test for specificity, CD4 effectors or CLL target cells were preincubated with monoclonal antibodies specific for CD95L or MHC class I (W6͞32), respectively. Target cells also were preincubated with 50 M ZVAD to test for caspase dependence.
( Fig. 2) . However, CD40-activated leukemia cells from all seven patient samples tested subsequently acquired sensitivity to CD95-mediated apoptosis on further culture. For example, CHO-CD95-L cells induced 49 Ϯ 5% of the CLL cells to undergo apoptosis when the leukemia cells were examined 5 days after CD40 activation. In contrast, spontaneous apoptosis was only 12 Ϯ 8% (Fig. 2) . The significant increase in cell killing by CHO-CD95-L cells over that of CHO cells could be inhibited by anti-CD95-L mAb NOK-2 ( Fig. 2) . Moreover, CD95-mediated apoptosis of CLL cells activated 5 days earlier could be inhibited by pretreatment of target cells with the pan-caspase inhibitors ZVAD and z-Asp-Glu-Val-Asp-FMK (DEVD) (data not shown).
Temporal Expression of CD95 and FLIP After CD40 Activation. We examined the relative expression of CD95 and FLIP after CD40 ligation. As expected, CLL cells were induced to express CD95 after CD40 activation. Within 2 days, the CLL cells were induced to express high levels of CD95 that were sustained for several days thereafter (Fig. 3) . In contrast, CLL cells previously cultured with control HeLa cells were not induced to express CD95 (Fig. 3) .
FLIP can block CD95-mediated apoptosis by inhibiting the cleavage and activation of pro-caspase-8 (18, 19) . Prior studies indicated that this protein could be induced in germinal center and leukemia B cells by ligation of CD40 (8, 20) . Immunoblot analyses confirmed that both isoforms of FLIP, FLIP long (FLIP L ), and FLIP-short (FLIP S ), were induced after CD40 activation. However, we found that the expression of FLIP peaked on the first day after CD40 ligation ( Fig. 4A) . Thereafter, we found that expression of both FLIP L and FLIP S decayed rapidly over time. FLIP L protein levels at day 5 were 32 Ϯ 15% (mean Ϯ SD, n ϭ 7 samples) of peak expression levels at day one (Fig. 4B) . Similarly, FLIP S levels at day 5 were 12 Ϯ 12% (mean Ϯ SD, n ϭ 7) of peak expression levels noted at day 1 (Fig. 4B ).
Down-Regulation of FLIP by Antisense or CDDO Treatment Does Not Increase Sensitivity of CD40-Activated CLL Cells to CD95-Mediated
Apoptosis. To examine whether down-regulation of FLIP was sufficient to sensitize CD40-activated CLL cells to CD95, we electroporated freshly isolated CLL cells with a FLIP antisense oligonucleotide before coculture on HeLa-CD154. Immunoblot analysis confirmed that FLIP antisense, but not a matched scrambled oligonucleotide, down-regulated FLIP protein expression 48 h after CD40 activation (Fig. 5A) . However, these cells remained resistant to CD95-mediated apoptosis (Fig. 5B) , indicating that factors other than FLIP play a role in the resistance of CLL cells to CD95 in the initial period after CD40 activation. Parallel apoptosis assays performed with Jurkat target cells confirmed the ability of CHO-CD95-L cells to induce CD95-mediated apoptosis.
In separate experiments, we treated cells with the CDDO, a peroxisome proliferator-activated receptor-␥ (PPAR␥) agonist (21, 22) that was recently shown to specifically down-regulate FLIP protein (Y. Kim, N. Suh, M. Sporn, and J.R.C., unpublished observations). Immunoblot analysis demonstrated that the induced expression of FLIP 1 day after CD40 activation was almost completely abrogated after 24-h treatment with CDDO (Fig. 6A) . In contrast, FADD protein expression was not effected in CDDO-treated cells (Fig. 6B) . However, when these CDDOtreated cells were used as target cells in the CD95-L apoptosis assay, they were resistant to CD95-mediated apoptosis up to 3 days after CD40 activation (Fig. 6C) . Nevertheless, these cells were sensitive to CD95-mediated apoptosis 5 days after CD40 activation, indicating that they still acquired a latent sensitivity to CD95-mediated apoptosis (Fig. 6C ).
CD95-Mediated Apoptosis Requires Assembly of DISC.
Along with CD95, FADD and pro-caspase-8 are known to be involved in DISC signaling (23) . Immunoblot analysis of CD40-activated CLL cells revealed that pro-caspase-8 was expressed and maintained at a similar level up to 5 days after stimulation. As determined by the Bonferroni t test, there was no significant difference when we compared the protein expression of procaspase-8 before CD40 activation with the levels observed at days 1, 3, and 5 post-CD40 activation. In contrast, levels of the adapter protein FADD increased significantly by day 5 after CD40-activation (P Ͻ 0.05, Bonferroni t test) (Fig. 7 A and D) . Interestingly, the same temporal expression pattern was noted for DAP3, a FADD-binding molecule recently noted to facilitate CD95-mediated apoptosis (24, 25) (Fig. 7C) .
We also examined the temporal expression of several other antiapoptotic proteins. Tumor necrosis factor-receptorassociated factor 1 (TRAF1) had a temporal expression pattern similar to that of FLIP after CD40 activation. TRAF1 was induced at day 1 but gradually decayed to near preactivation levels by day 5 (Fig. 7A) . No significant changes in the antiapoptotic proteins Bcl-2, Bcl-xL, Bax, XIAP, or cIAP-1͞2 were observed after CD40 activation ( Fig. 7C ; data not shown).
Because newly stimulated CLL cells remained resistant to CD95-mediated killing even in the setting of reduced FLIP expression, we postulated that low expression of FADD in these cells may prevent apoptotic signals through the DISC. FADD is essential for recruiting pro-caspase-8 to the DISC (26) . To analyze whether FADD could associate with the activated CD95 receptor in CLL cells 24 h after CD40 activation, we immunoprecipitated CD95 with the agonistic anti-CD95 mAb APO-1. DISC proteins such as FADD, pro-caspase-8, and FLIP coimmunoprecipitate with CD95 after stimulation with APO-1 (18, 27) . Control experiments using BJAB cells demonstrated that FADD and FLIP coimmunoprecipitated with the DISC only in APO-1 CD95-stimulated cells (Fig. 8) . We found that FADD coimmunoprecipitated with the DISC only in APO-1-stimulated CLL cells activated 5 days earlier with CD40 ligation (Fig. 8  Lower) . In contrast, FADD did not coimmunoprecipitate with the DISC in CLL cells stimulated with APO-1 on day 1 after CD40 activation. Similarly, the p43 FLIP isoform that associates with the activated DISC (18, 19) coimmunoprecipitated with the DISC only in APO-1-stimulated CLL cells that had been activated 5 days earlier by CD40 ligation (Fig. 8) . Taken together, these findings indicate that CD95 resistance in day 1 CD40-activated CLL cells results from the inability of activated CD95 to assemble the DISC. In contrast, CD95 sensitivity of CLL cells 5 days after CD40 activation is associated with an acquired ability of these cells to form the DISC after CD95 stimulation.
Discussion
CLL patients treated with CD154 (CD40L) gene therapy experienced significant reductions in leukemia cell counts and lymph node size that were associated with increases in the numbers of blood T cells that could recognize leukemia cells in vitro (2) . In addition, bystander leukemia cells were induced to express CD95 (Fas) in vivo for up to 2 weeks after the infusion of Ad-CD154-transduced cells. The expression of CD95 coincided with the reduction in leukemia cell counts and lymph node size.
Attempting to examine the potential mechanism(s) responsible for clearance of leukemia cells postinfusion, we generated CTL lines from patients with CLL. Repeated stimulation of autologous T cells with CD40-activated leukemia cells stimulated growth of CD4 T cells that had cytolytic activity against leukemia cells activated via CD40-ligation. These CD4 T cell lines apparently effected cytolysis of CLL cells via a CD95-dependent pathway. First, the CTL were not restricted via class I molecules of the MHC. Rather, these cells could lyse even allogeneic CLL cells provided that they first were activated via CD40-ligation. Second, broad caspase inhibitors such as ZVAD (28) could significantly inhibit apoptosis of leukemia cells (Fig. 1) . Such inhibitors can block apoptosis via the CD95-dependent pathway but cannot inhibit the perforin͞ granzyme-dependent cytolytic activity of CD8 CTL (17, 29) . Finally, we found that anti-CD95-L antibodies also could significantly inhibit the CTL activity of these cell lines against CD40-activated CLL cells. Collectively, these data argue that CD4 CTL can effect lysis of CD40-activated CLL cells via a CD95-dependent pathway.
These findings conflict with prior studies that found CD40-activated CLL cells were resistant to CD95-dependent apoptosis (7) (8) (9) . Conceivably, CD4 CTL expressed some cofactor(s) that rendered CD40-activated CLL cells susceptible to CD95-L mediated lysis. One study, for example, demonstrated treatment of B cells with mAbs to CD150 could sensitize these cells to CD95-mediated killing (30) . Although similar treatment failed to sensitize CD40-activated CLL cells to CD95-mediated apoptosis (data not shown), signals derived from CD150 or other accessory molecules still could play a role in sensitizing CD40-activated killing by activated CD4 T cells.
To determine whether CD95 ligation was sufficient to induce apoptosis of CD40-activated CLL cells, we used CHO cells transfected with CD95-L as cytotoxic effector cells. The use of such cells allowed us to compare the apoptosis induced by CHO-CD95-L with that induced by nontransfected CHO cells. In contrast to the CD95-dependent lysis mediated by CD4 CTL, we found that CLL cells were resistant to apoptosis caused by CD95-L-bearing CHO cells during the first 72 h after CD40 activation (Fig. 2) . Thereafter, the CLL cells acquired sensitivity to CD95-mediated killing. This latent sensitivity to CD95-mediated apoptosis was noted for the CLL cells from all patients examined (n ϭ 7). These findings contrast with those of previous studies, in which CLL cells only rarely were found to acquire sensitivity to CD95-mediated apoptosis after CD40 ligation (7) (8) (9) . This difference is likely because of the time interval allowed between CD40 activation and CD95 ligation. In agreement with these previous reports, we also found that CLL cells were resistant to CD95-mediated apoptosis for up to 3 days after CD40 activation. However, all CLL samples tested later acquired a latent sensitivity to CD95-mediated apoptosis after CD40 activation. Similar results were observed by using the IgM anti-CD95 mAb, CH-11 (data not shown).
The latent sensitivity to CD95-mediated killing is similar to that observed for normal B cells (31) . As noted in this study, FLIP increased during the 24 h after CD40 activation and then decreased to near baseline levels a few days thereafter. Because high-level expression of FLIP can inhibit CD95-mediated apoptosis (18, 32) , these authors reasoned that the induced expression of FLIP was responsible for the noted resistance of CD40-activated B cells to CD95-mediated apoptosis (31) . In any case, it appeared that normal B cells also became more sensitive to CD95-mediated killing only a few days after CD40 ligation. Our findings here demonstrate that leukemia B cells retain this capacity to acquire latent sensitivity to CD95-mediated killing after CD40 activation, a physiologic characteristic that may be exploited to develop novel treatment strategies for patients with CLL.
However, our studies also indicate that the up-regulation of FLIP may not be sufficient to account for resistance to CD95-mediated apoptosis in the first few days after CD40 activation. Indeed, we found that treatment of CD40-activated CLL cells with FLIP antisense (Fig. 5A) or CDDO, an insulin-sensitizing drug with antitumor properties (21, 22) (Fig. 6A) , could block expression of FLIP induced by CD40 ligation. However, such treatment did not render the CLL B cells susceptible to CD95-mediated killing in the 72-h period after CD40-ligation (Figs. 5B and 6C).
We therefore examined the relative expression levels of other proapoptotic and antiapoptotic proteins after CD40 ligation. We found that TRAF1, a protein that may inhibit apoptotic signaling via members of the tumor necrosis factor (TNF)-receptor family through its effects on NF-B (33, 34) , also was consistently up-regulated after CD40 activation. In addition, we found that FADD, a linker protein that recruits pro-caspase-8 to the DISC (28, 35, 36) , is down-regulated 24 h after CD40 activation. In CD95-mediated apoptosis, FADD is essential for the recruitment and activation of pro-caspase-8 at the level of the DISC (26, 37, 38) . In vivo studies demonstrated that CD95-mediated apoptosis is completely abrogated in FADD-deficient mice, ruling out the existence of redundant CD95 apoptosis pathways (39) . Similar to what we noted for FADD, DAP3 was also expressed at low levels after CD40 ligation. DAP3 is a FADD-associated protein that can increase sensitivity to CD95 and TNF-related apoptosis-reducing ligand-dependent killing (24, 25) . Because TRAF1, FADD, and DAP3 each can influence the relative sensitivity of cells to CD95 signaling, changes in the levels of these proteins could contribute to the noted relative early resistance of CLL cells to CD95-mediated killing after CD40 ligation. As such, the mechanism accounting for the initial resistance of CD40-activated CLL cells to CD95 signaling ap- pears more complex than that involving temporal changes in expression of FLIP alone.
Because FADD is required for CD95 apoptosis, we decided to focus our investigation on this linker protein. The transient down-regulation of FADD after CD40 activation was always followed by a 2-to 3-fold increase in the level of FADD by day 5 (n ϭ 5). This observation led us to postulate that the level of FADD in day 1 CD40-activated CLL cells was insufficient for apoptotic signaling through the CD95 DISC. Indeed, immunoprecipitation experiments demonstrated that FADD was associated with the activated CD95 receptor at day 5, but not at day 1, after CD40 activation. Interestingly, in studies that examined the initial resistance of activated T cells to CD95-mediated apoptosis, Scaffidi et al. also concluded that a general defect in DISC assembly, and not FLIP, was responsible for CD95 resistance (18) . Our data suggest that insufficient FADD protein prevents productive DISC assembly. In addition, it would be interesting to speculate that the noted up-regulation of DAP3 in CD40-activated CLL cells also might enhance the sensitivity of CLL cells to CD95. In any event, our data support the hypothesis that CD95 resistance in CD40-activated CLL may be in part because of insufficient levels of FADD to form an activated DISC. CD40-activated CLL cells then acquire a latent sensitivity to CD95 when the balance of DISC proteins FLIP and FADD achieves the ratio necessary to induce assembly of and apoptosis via the CD95 DISC.
The latent sensitivity of CD40-activated CLL cells to CD95-mediated apoptosis may account in part for the noted reductions in leukemia cell counts and lymph node size in CLL patients treated with CD154 gene therapy (2) . Patients who received autologous CLL cells transfected with Ad-CD154 experienced changes in the bystander nontransfected CLL cells in vivo that were similar to those noted for CLL cells activated via CD40 ligation in vitro. Moreover, the bystander CLL cells of such treated patients were induced to express CD95 after infusion of autologous Ad-CD154-infected CLL cells. Conceivably, the induced expression of CD95 allowed for clearance of leukemia cells by CD95L-bearing cells when they no longer were resistant to CD95-mediated killing. Administration of agents that more rapidly can modify the expression of factors associated with the initial resistance of CD40-activated CLL cells to CD95-mediated apoptosis may enhance the effectiveness of CD154 gene therapy.
